A number of AP2/ERF genes have been shown to function in abiotic and biotic stress responses and these genes are often induced by multiple stresses. We report here the characterization of an AP2/ERF gene that is specifically induced during hypoxia. We 
flooding (Subbaiah and Sachs, 2003) . Plants have developed adaptive mechanisms to sense oxygen deficiency in their environments and make coordinated physiological and structural adjustments to enhance their hypoxic tolerance (Liu et al., 2005; Huang et al., 2008) .
Several microarray studies showed that genes coding for enzymes of sugar metabolism, glycolysis and fermentation are upregulated in Arabidopsis under low oxygen concentrations (Klok et al., 2002; Liu et al., 2005; Loreti et al., 2005; van Dongen et al., transcription factors, which are often involved in regulating plant responses to biotic and abiotic stresses (Dubouzet et al., 2003; Gutterson and Reuber, 2004; Nakano et al., 2006) .
Expression of many AP2/ERF genes has been shown to be regulated by a variety of external stimuli, such as wounding, jasmonic acid (JA), salicylic acid (SA), ethylene, and infection by pathogens (McGrath et al., 2005; Pre et al., 2008) . ERF proteins that bind to the GCC box, an ethylene-responsive element, have been identified from several plant species (Gu et al., 2000; Ohta et al., 2000; Zhang et al., 2004) . Constitutive overexpression of Arabidopsis ERF1 (At3g23240) activates the expression of plant defensin1.2 (PDF1.2) and basic chitinase (ChiB) genes (Lorenzo et al., 2003) . ORA59
(At1g06160), another member of the Arabidopsis AP2/ERF family, could also activate PDF1.2 gene expression and was shown to be involved in the cross-talk between the JA and ethylene signal transduction pathways (Pre et al., 2008) . In addition to positive regulatory roles, some AP2/ERF factors have negative regulatory functions. For example, ERF4 (At3g15210) down regulates the expression of PDF1.2 (McGrath et al., 2005) .
AP2/ERF genes have been reported to be involved in signaling pathways associated with abiotic stresses such as cold and drought; however, studies relating to their roles in hypoxia are very limited. In rice, the Sub1 locus contains two or three ERF-like genes whose transcripts are regulated by submergence and ethylene Perata and Voesenek, 2007) . The cultivars with Sub1A-1 are tolerant of submergence. In deepwater rice, a pair of ERF factors, the SNORKEL1 (SK1) and SNORKEL2 (SK2), also play a key role in allowing rice to adapt to flooding terrain (Hattori et al., 2009) . In this study, we have investigated the functional roles of ethylene in hypoxia response in Arabidopsis. To mimic natural flooding conditions, we have adopted an "open system" treatment (Drew, 1997) , in which only roots are subjected to hypoxia treatment. Using microarray analysis, we identified a number of AP2/ERF genes in Arabidopsis that are induced at different stages of hypoxia treatment. One of these genes, AtERF73/HRE1 (At1g72360), which is
RESULTS
The ERF73/HRE1 mRNA Accumulation is Controlled by Hypoxia and Ethylene
Signal Transduction Pathways
By comparing our microarray data with published microarray data, we found that Fig. S1 ). However, no significant change of AtERF73/HRE1 transcripts was observed in the shoots (Supplemental Fig. S2 ).
To investigate the effects of various signaling molecules, we used RT-PCR to compare the transcript levels of AtERF73/HRE1 from roots of Arabidopsis plants under hypoxia, abscisic acid (ABA), methyl jasmonate (MeJA), 1-aminocyclopropane-1-carboxylic acid ( ACC, a precursor of ethylene), SA or cold treatment. The data showed that AtERF73/HRE1 was highly induced during hypoxia, moderately induced by ACC treatment and weakly induced upon MeJA or SA treatment (Top panel, Fig. 1A ). By contrast, RD29B was highly induced by ABA, while MYC2 could be induced by ABA and MeJA (Panels 2 and 3, Fig. 1A ). The expression patterns for RD29B and MYC2 are consistent with published results (Nakashima et al., 2006; Dombrecht et al., 2007) . Next, we examined the dosage effect of ACC on AtERF73/HRE1 expression. The results
showed that the mRNA accumulation of AtERF73/HRE1 reached a maximal level at ACC concentrations between 5 and 10 μM (Fig. 1B) . To investigate whether there is a synergistic effect of hypoxia and ethylene, we determined by quantitative RT-PCR the level of AtERF73/HRE1 transcript after different combinations of hypoxia and ACC treatment. The AtERF73/HRE1 mRNA level was induced after 6 h of hypoxia treatment and decreased after treatment for 12 h. Plants subjected to both hypoxia and ACC treatments displayed a significant increase in the level of AtERF73/HRE1 transcripts as compared to those treated with hypoxia alone (Fig. 1C ). These results demonstrate that hypoxia and ethylene have additive effects on AtERF73/HRE1 mRNA accumulation.
Hypoxic Induction of AtERF73/HRE1 mRNA Accumulation is Affected in ein2-5 and
etr1-1
We have previously shown that ethylene is essential for hypoxic induction of ADH in Arabidopsis (Peng et al., 2001) . To further investigate the role of ethylene in hypoxic induction of AtERF73/HRE1, we examined the expression pattern of AtERF73/HRE1 during hypoxia in two ethylene signaling mutants, ethylene insensitive 2-5 (ein2-5) and ethylene resistant 1-1 (etr1-1). EIN2 was shown to be a bifunctional transducer and may mediate the cross-talk between ethylene and stress responses (Alonso et al., 1999) . The ETR1 gene encodes an ethylene receptor protein with homology to two-component regulators (Chang et al., 1993) . As shown in Fig. 2A (Fig. 3C ).
AtERF73/HRE1 belongs to the Group VII ERF subfamily, which has 5 members in the Arabidopsis genome (Licausi et al., 2010) . We used quantitative RT-PCR to determine whether our RNAi construct also resulted in the reduction in expression of other members in the VII ERF subfamily in transgenic lines. The results show that expression of four other genes in the VII subfamily is not affected in the three RNAi lines (Supplemental Fig.   S3 ).
AtERF73/HRE1-RNAi Transgenic Lines Display Increased Ethylene Sensitivity
To determine whether AtERF73/HRE1 functions as a regulator of ethylene signaling (Fig. 4C) . Addition of ACC resulted in inhibition of root elongation in both wild-type and transgenic lines, however, the root lengths in AtERF73/HRE1-RNAi lines were shorter than those in the wild type ( Fig 
Effects of AtERF73/HRE1 Knockdown lines on Hypoxia-Inducible Genes
To determine how a decrease in AtERF73/HRE1 expression affects hypoxia responses, we examined the expression of glycolytic and fermentative genes, including ADH, PDC1, PDC2, SUS1, SUS4 and LDH, in AtERF73/HRE1-RNAi lines. Quantitative RT-PCR analyses showed that, under hypoxic conditions, the mRNA levels for all of these genes, with the exception of LDH, were reduced significantly in AtERF73/HRE1-RNAi lines ( Table S1 ).
Among these hypoxia-inducible genes, 13.3% had higher induction levels in the wild type, 7.4% had higher induction levels in the AtERF73/HRE1-RNAi20 line, and 79.3% had about the same induction level (Supplemental Table S1 ). A list of 24 genes, which exhibited a change in raw intensity above 1.5-fold and displayed different levels of hypoxic induction between the wild type and AtERF73/HRE1-RNAi20 line, was generated (Table 1) .
Among these 24 genes, most genes had higher levels of hypoxic induction in the AtERF73/HRE1-RNAi20 line than in the wild type. We noticed that, among the genes that www.plantphysiol.org on July 22, 2017 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved.
had higher induction levels in the AtERF73/HRE1-RNAi20 line, peroxidase and cytochrome P450 genes were overrepresented. These genes, including At3g03670 (putative peroxidase), At1g14540 (putative anionic peroxidase), At1g14550 (putative anionic peroxidase), At5g39580 (putative peroxidase), At4g31970 (CYP82C2), At5g57220 (CYP81F2) and At2g30750 (CYP71A12), were selected to confirm their expression patterns by quantitative RT-PCR analysis (Fig. 7) . Consistent with the microarray data, five of the genes were induced at significantly higher levels in the AtERF73/HRE1-RNAi20 line, whereas the induction level of At1g14550 did not differ significantly between wild-type and AtERF73/HRE1-RNAi20. These results show that AtERF73/HRE1 could negatively modulate hypoxic induction of these peroxidase and cytochrome P450 genes in
Arabidopsis.

Effects of AtERF73/HRE1 knockdown lines on ethylene production
Since we have shown previously that ethylene production is increased during hypoxia in Arabidopsis (Peng et al., 2001) , the negative effect of AtERF73/HRE1 on ethylene responses could be due to its inhibition of ethylene synthesis or its effects on ethylene signaling pathways. To distinguish these two possibilities, we measure the level of ethylene production during hypoxia by gas chromatography. The results show that wild-type and AtERF73/HRE1-RNAi lines exhibited similar levels of ethylene production under normaxic and hypoxic conditions (Fig. 8). www.plantphysiol.org on July 22, 2017 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved.
DISCUSSION Effects of Hypoxia and Ethylene on AtERF73/HRE1 mRNA Accumulation
Microarray studies have shown that a number of Arabidopsis AP2/ERF genes are induced during hypoxia (Branco-Price, et al., 2005; Gonzali et al., 2005; Liu et al., 2005) .
However, the regulatory functions of these transcription factors remained largely unknown.
AtERF73/HRE1 transcription factor belongs to the AP2/ERF subfamily group VII of plant transcription factors. Members within this subfamily displayed differential expression patterns, with AtERF73/HRE1 and HRE2 (AtERF71) being induced at different stages of hypoxia (Licausi et al., 2010 ; also see Fig. S1 ). It was reported that overexpression of HRE1 improved tolerance of Arabidopsis plants to anoxia (Licausi et al., 2010) . However, whether ethylene is involved in regulating AtERF73/HRE1 during hypoxia was not analyzed.
Our current report focused on the interplay between AtERF73/HRE1 and ethylene during hypoxia. When we tested the effects of other abiotic stresses and hormones, such as ABA, MeJA, ACC, SA or cold treatment, our data showed that AtERF73/HRE1 expression could be induced not only by hypoxia but also by ACC treatment (Fig. 1A and   B ). We further demonstrated that hypoxia and ACC treatments had an additive effect on the mRNA accumulation of AtERF73/HRE1 (Fig. 1C) . However, we have shown previously that production of ethylene is increased in hypoxia-treated Arabidopsis seedlings (Peng et al., 2001 ). This raises the question of why exogenous addition of responses under both normoxic and hypoxic conditions. Additionally, the wild type and AtERF73/HRE1-RNAi lines had the same ethylene production under normoxic and hypoxic conditions. This result established the AtERF73/HRE1 gene was involved in ethylene signaling but not in biosynthesis pathway.
Interestingly, another member of the ERF subfamily VII, RAP2.2 is constitutively expressed at a high level in roots and at a lower level in shoots, but is induced by dark and ethylene treatments (Hinz et al., 2010) . Although the RAP2.2 was not induced during hypoxia, its overexpression resulted in improvement of plant survival under hypoxic stress (Hinz et al., 2010) . In addition, transgenic lines containing T-DNA knockout mutations of RAP2.2 also have lower survival rates than the wild-type. These results suggest that although RAP2.2 might not play a direct role in regulating hypoxic signaling pathways, it controls the expression of a set of genes whose products are involved in the survival of Arabidopsis under hypoxic stress.
Hypoxia-Responsive AtERF73/HRE1 Expression is Mediated by
Ethylene-Dependent and Ethylene-Independent Pathways
We have previously reported that the production of ethylene is increased during hypoxia and that ethylene is necessary but not sufficient in the hypoxic induction of ADH in Arabidopsis (Peng et al., 2001; Peng et al., 2005) . We showed here that hypoxic treatment for 6 h could induce a 12-and 5-fold increase in the expression of AtERF73/HRE1 in ein2-5 and etr1-1 mutants. However, the levels of induction in these mutants were much lower than that determined in the wild type (Fig. 4) . These results mutants (Peng et al., 2005) . Similarly, addition of inhibitors of ethylene (AVG and AgNO 3 ) only resulted partial reduction in hypoxic induction of AtERF73/HRE1, suggesting that ethylene is necessary but not sufficient for the hypoxic induction of
AtERF73/HRE1.
AtERF73/HRE1 Functions as a Positive and Negative Regulator
Ethylene has been shown to regulate a number of cellular responses, including inhibition of root elongation and elicitation of triple responses in dark-grown seedlings (Huang et al., 2003; Swarup et al., 2007) . The triple-response phenotype, which consists of shortening of the hypocotyl and root, radial swelling of the hypocotyl, and exaggerated curvature of the apical hook, is a well-known effect of ethylene on etiolated dicotyledonous seedlings (Guo and Ecker, 2004) . In our studies, seedlings of AtERF73/HRE1-RNAi lines displayed an ethylene-oversensitive phenotype under normoxic conditions (Fig. 4 and 5) , suggesting that AtERF73/HRE1 might negatively regulate ethylene responses.
Our analyses showed that AtERF73/HRE1 -RNAi lines could affect hypoxia-regulated gene expression in two ways. For one group of genes, including ADH and a subset of glycolytic and fermentative genes, levels of hypoxic induction were significantly reduced in three AtERF73/HRE1-RNAi lines (Fig. 7) , indicating that AtERF73/HRE1 positively regulates induction of these genes during hypoxia. However, it has to be pointed out that in the report by Licausi et al., (2010) , hypoxic induction of ADH is affected by the double mutation of AtERF73/HRE1 and AtERF71/HRE2, but not by the single mutation of 
Potential Roles of AtERF73/HRE1 and Ethylene in Hypoxia Signal Pathways
The results we have reported here indicate that AtERF73/HRE1 plays an essential role in hypoxia signaling pathways. We showed that hypoxia triggers an ethylene-dependent and an ethylene-independent pathway, both of which are required for accumulation of AtERF73/HRE1 transcripts. The induced AtERF73/HRE1 in turn participates in the activation of ADH and other genes related to fermentation and carbohydrate metabolism.
In addition, we showed that AtERF73/HRE1 could modulate ethylene responses under both normoxic and hypoxic conditions. We also showed that AtERF73/HRE1 negatively those of the rice Sub1A and SK genes, which play a central role in submergence tolerance of lowland and deepwater rice, respectively Hinz et al., 2010) . In rice, the Sub1 locus encodes three submergence-inducible ERF genes, Sub1A, Sub1B and Sub1C Fukao et al., 2006; Voesenek and Bailey-Serres, 2009 ). Sub1B and Sub1C exist in all rice cultivars that have been examined. The Sub1A has two alleles among indica cultivars. The submergence tolerant cultivars, such as FR13A, carry Sub1A-1 allele, whereas the submergence sensitive cultivars carry Sub1A-2 allele. In FR13A, induction of Sub1A-1 resulted in the inhibition of Sub1C expression as well as retardation of roots and shoots elongation during submergence of rice plants Xu et al., 2006) . It has been demonstrated that ethylene is involved in the induction of Sub1A-1 during submergence and that Sub1A in turn suppresses ethylene production and GA responses, which allow rice plants maintain a low metabolic state to survive long period of submergence Perata and Voesenek, 2007) . In deepwater rice, which does not carry Sub1A, a pair of ERF factors, SK1 and SK2, are induced under submergence conditions through the action of ethylene signaling pathways (Hattori et al., 2009) . In contrast to the lowland rice, the activation of SK1 and SK2 resulted in enhanced GA responses to stimulate shoot elongation, which allows the deepwater rice adapts to flooding conditions (Hattori et al., 2009) . Despite the similarity of the proposed functions of AtERF73/HRE1, Sub1A and SK, induction of Sub1A and SK genes resulted in submergence tolerance in rice, whereas induction of AtERF73/HRE1 probably results only in temporary survival of Arabidopsis. We are currently determining the downstream targets of both AtERF73/HRE1 and Sub1A to identify transcriptional regulatory pathways mediated by these two factors to determine the molecular basis of difference in hypoxia sensitivity between Arabidopsis and rice.
METHODS Plant Materials, Growth Conditions and Stress Treatment
Arabidopsis thaliana ecotype Columbia was used in this study. Two 
Constructs and Plant transformation
For the RNAi-AtERF73/HRE1 lines, the AtERF73/HRE1 (At1g72360) open reading frame was amplified by PCR from the Col-0 ecotype using the following primer pair:
5'-GTAGAGGAGAATCATGAGGCTGATC (forward) and 5'-CTCGAGGGTACCCAAAGAGACTACTCAGAGACGTTGA (reverse). The reverse primer contains the recognition sites for KpnI and XhoI. The amplified product was cloned as an inverted repeat with a PDK artificial intron into the binary vector pBI121.
The recombinant plasmid was then transformed into Agrobacterium tumefaciens strain GV3101. The resulting Agrobacterium was used to generate transgenic Arabidopsis by vacuum infiltration. The seeds were planted on 1/2 MS agar plates containing kanamycin (50 μ g mL -1 ) to identify T 1 transgenic plants. T 1 seeds were generated on the kanamycin plates to select for homozygous T 2 lines.
RT-PCR and Quantitative RT-PCR Analyses
RNA samples were isolated from frozen tissues of Arabidopsis using the TRIzol 
Ethylene measurement
The 14-d-old seedlings of wild type and AtERF73/HRE1-RNAi were treated with hypoxia as described above. Ten plants were transferred to a 12 × 75 mm test tube and capped for 1 h at room temperature in the dark. Ethylene was measured using a gas chromatograph (6890N Agilent GC system). The experiments were repeated six times independently, and each time with triplicate.
Microarray Analysis
All microarray experiments were carried out using the ATH1 Arabidopsis GeneChip microarray (Affymetrix) containing a set of 22,810 probes. Four independent biological replicates were performed using cDNA obtained from control and hypoxia-treated (6 h) samples from 14-d-old seedlings. Fluorescent labeling of cDNA probes starting from mRNA was performed as described at: http://ipmb.sinica.edu.tw/microarray/protocol.htm.
Microarray experiments were performed at the DNA microarray core facility of the Table S1 . The list of up-regulated genes in wild-type upon hypoxic treatment. Table S2 . Primers for PCR and Quantitative RT-PCR.
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